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Abstract

Tumorigenesis begins with the disregulated growth of an abnormal cell that has acquired the ability to divide more
Ž Ž . w x.rapidly than its normal counterparts Nowell, P.C. 1976 Science, 194, 23–28 1 . Alterations in global levels and regional

changes in the patterns of DNA methylation are among the earliest and most frequent events known to occur in human
Ž Ž . Žw x. Ž .cancers Feinberg and Vogelstein 1983 Nature, 301, 89–92 2 ; Gama-Sosa, M.A. et al. 1983 Nucleic Acids Res., 11,

Žw x. Ž . w x.6883–6894 3 ; Jones, P.A. 1986 Cancer Res., 46, 461–466 4 . These changes in methylation may impair the proper
expression andror function of cell-cycle regulatory genes and thus confer a selective growth advantage to affected cells.
Developments in the field of cancer research over the past few years have led to an increased understanding of the role DNA
methylation may play in tumorigenesis. Many of these studies have investigated two major mechanisms by which DNA

Ž .methylation may lead to aberrant cell cycle control: 1 through the generation of transition mutations via deamination-driven
Ž .events resulting in the inactivation of tumor suppressor genes, or 2 by altering levels of gene expression through epigenetic

effects at CpG islands. The mechanisms by which the normal function of growth regulatory genes may become affected by
the mutagenic and epigenetic properties of DNA methylation will be discussed in the framework of recent discoveries in the
field.
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1. Introduction

The covalent modification of the C-5 position of
Ž .cytosine by DNA cytosine-5 methyltransferase

Ž .MTase resulting in the formation of 5-methylcyto-
Ž .sine 5-mCyt gives this base unique properties. This

enzymatic conversion is the only epigenetic modifi-
cation of DNA known to exist in vertebrates and is

w xessential for normal embryonic development 5,6 .

) Ž .Corresponding author. Tel.: q1 213 764 0816; Fax: q1
Ž .213 764 0102.

Methylation of cytosine occurs predominantly at the
CpG palindrome in vertebrate DNA, but recent stud-
ies have shown that mammalian cells also possess
the ability to methylate CpNpG sites in transfected

w xplasmid DNA sequences 7 . The presence of 5-mCyt
at CpG dinucleotides has resulted in the 5-fold deple-
tion of this sequence in the genome during the

w xcourse of vertebrate evolution 8 , probably due to
spontaneous deamination of 5-mCyt ™ T or en-

w xzyme-induced deamination of C ™ U 9–11 .
Certain areas of the genome, however, do not

show such suppression and are referred to as ‘CpG
w xislands’ 12,13 . These regions comprise about 1% of
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Ž . Ž .Fig. 1. Possible contribution of DNA methylation to cancer. A Mutagenic effects of DNA methylation by either 1 spontaneous
Ž . Ž .deamination of 5-mCyt ™ T, or 2 enzymatic deamination of C ™ U under conditions in which AdoMet is limiting. B Epigenetic effects

Ž . Ž .of CpG island methylation on gene expression. Lollipops indicate CpGs that are unmethylated open or methylated closed .

vertebrate genomes, yet account for approximately
15% of the total number of CpG dinucleotides.
These areas contain the expected frequency of CpGs

w xand remain unmethylated in the germline 12 . CpG
islands are typically between 0.2–1 kb in length and
are located upstream of many housekeeping and
tissue specific genes, but may also extend into gene
coding regions. The methylation of cytosines within
CpG islands in somatic tissues is believed to affect

w xgene function by altering transcription 14 . Hyper-
methylation of CpG islands results in transcriptional
inactivation, while hypomethylation leads to the po-
tential for gene activity. Hypermethylation as a
mechanism of gene silencing is known to occur in
normal cells only on transcriptionally inactive genes

w xon the X chromosome 15 and in parentally im-
w xprinted genes 16,17 . Such epigenetic effects of

5-mCyt may be important in tumorigenesis as it
relates to the abnormal activation of proto-oncogenes

Žor inactivation of tumor suppressor genes see Fig.
.1 .

2. Mutational properties of 5-methylcytosine

Methylation of cytosine residues was first demon-
strated to be mutagenic in E. coli nearly two decades

w xago 18 . These initial studies identified methylated
cytosines as hotspots for spontaneous base substitu-
tions. Mutations which occur at CpG dinucleotides in
vertebrate DNA can be attributed to the hydrolytic
deamination of 5-mCyt and are easily recognized
because of the nature of base substitutions. Deamina-
tion of 5-mCyt at CpG dinucleotides results in the
formation of TpG. Alternatively, if deamination oc-
curs on the complementary DNA strand CpA is
generated. The conversion of 5-mCyt to T is be-
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lieved to be the result of endogenous mutagenic
processes rather than mutagenesis caused by exoge-

w xnous factors 19 . Methylation of cytosine at a CpG
dinucleotide increases the probability of a C ™ T or
corresponding G ™ A transition mutation between

w x12- and 42-fold 10,20,21 .
The increased deamination rate of 5-mCyt relative

to C, however, still does not account for the high
w xfrequency of mutagenesis observed at CpG sites 22 .

Differences in the repair efficiencies of premutagenic
lesions may be partly responsible for this discrep-
ancy. The G:T mispairs resulting from deamination
of 5-mCyt are believed to be more difficult for the
cell to repair than G:U mispairs which can result
from the deamination of cytosine, since thymine
unlike uracil is a normal component of DNA. The
high efficiency of repair of G:U but not G:T mis-
matches by the well characterized uracil-DNA glyco-

Ž . w xsylase UDG enzyme 23 may also contribute to the
increased frequency of mutagenesis caused by 5-

w xmCyt deamination 24,25 . Excision of U has been
found to be as much as 6000-fold more efficient than
excision of T at identical template sites using ex-

w xtracts from human colonic mucosa 25 .

3. Estimated rates for spontaneous deamination of
5-mCyt

The chemical rate for the deamination of 5-mCyt
in DNA has been determined to gain further insight
into the contribution of the mutagenic properties of
this base to human disease. The rates for hydrolytic
deamination of 5-mCyt to thymine at 378C in vitro

Ž y10have been calculated in single-stranded 9.5=10
y1 . Ž y13 y1.s and double-stranded DNA 5.8=10 s

w x22,26 . While these in vitro studies also demon-
strated approximately a 5- and 2-fold higher deami-
nation rate of 5-mCyt compared to C in single- and
double-stranded DNA, respectively, these values are
still too low to account for the high frequency of
mutations observed at CpGs.

Several studies have been performed to determine
the in vivo rate of 5-mCyt deamination. The in vivo
rate was originally calculated to be approximately
1.7=10y16 sy1 based on extrapolation of in vitro
5-mCyt deamination rates combined with the esti-
mated error frequency of the G:T mismatch repair

w xsystem 27 . Another study of spontaneous germline
mutations in the factor IX gene in patients with
hemophilia B calculated the in vivo mutation rate at
CpG to be approximately 5.8=10y17 sy1 for a

w xgeneration time of 20 years 28 . This estimate was
based on a comparison of CpG mutation frequencies
with other types of mutations in the factor IX gene
and extrapolation of the rate of CpG mutation from
these values.

The in vivo rate of CpG mutation has been re-
cently calculated in Alu repetitive elements within
the p53 tumor suppressor gene in the primate

w xgermline 21 . Alu sequences are repetitive elements
approximately 300 bp in length which are found
throughout primate genomes and are initially CpG

w xrich 29 . CpG dinucleotides within Alu elements
can become methylated after transposition and C ™
T mutations which are the hallmark of 5-mCyt deam-
ination may be generated. The rate of 5-mCyt deami-
nation in vivo was estimated to be between 1.5–4.5
=10y16 sy1 by establishing the time of insertion of
Alu elements within the p53 gene via evolutionary
lineages and by using the unique signature of muta-

w xtions at CpGs 21 . This in vivo mutation rate is at
least 1250-fold slower than the in vitro chemical rate
of 5-mCyt deamination in double-stranded DNA
confirming earlier studies and suggesting that current
estimates of mismatch repair at CpG dinucleotides
may be underestimated.

4. Enzyme-mediated deamination of cytosine to
uracil

Although 5-mCyt is inherently mutagenic by
virtue of its ability to generate C ™ T transitions
through spontaneous deamination, an alternate path-
way leading to C ™ U mutations via covalent inter-
action of the MTase with its target cytosine base has
been demonstrated in bacteria using a sensitive ge-

w xnetic reversion assay 11,30 . The bacterial HpaII
MTase caused an approximately 104-fold increase in
the rate of C ™ U transition mutations in the ab-
sence of AdoMet in this experimental system. The
normal reaction mechanism for cytosine methylation
proceeds with the MTase first binding to the C-6
position of the target base by nucleophilic attack,

w xthus generating a covalent intermediate 31 . A
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methyl group is then added to the C-5 position of
cytosine eliminating a C-5 proton followed by re-
lease of the covalent intermediate. Enzyme-facili-
tated deamination of cytosine may be significant
under conditions in which S-adenosylmethionine
Ž .AdoMet is limiting. These conditions may prolong
the half-lives of reaction intermediates while destabi-
lizing the amino group at the C-4 position of cyto-
sine and thereby increasing the probability of C ™ U

w xdeamination 11,32 . The resulting C ™ U transi-
tions are then propagated as C ™ T mutations at
CpG dinucleotides if they are not repaired before
DNA replication. Recently, it has been shown that a
DNA MTase can also interact with 5-mCyt to di-

w xrectly cause deamination of 5-mCyt ™ T 33 .
Further experiments in our laboratory have

demonstrated that mutator enzymes can be derived
from DNA MTases when the cofactor binding activ-

w xity of the enzyme is impaired 30 . Mutant HpaII
methylases were created by altering the conserved
FXGXG motif of the AdoMet binding pocket. Ex-
pression of the mutant methylases resulted in the
generation of C ™ U transitions at DNA methyla-
tion sites in bacteria even in the presence of normal
levels of AdoMet, thus providing support for the
model of enzyme-mediated deamination. In addition,
the G:U mispairs generated by the mutant enzymes
in E. coli which possessed UDG were found to be
inefficiently repaired resulting in a mutator pheno-
type characteristic of the C ™ U ™ T pathway.

Greater insight into the mechanism of enzyme-in-
duced deamination by DNA MTases was provided
by the determination of the crystal structure of the

w xHhaI methylase interacting with its target base 34 .
The normal cytosine base was substituted with 5-flu-
orocytosine to trap the enzyme revealing that the
target base was completely flipped out of the DNA
helix into the active site of the enzyme. A possible
explanation for the inefficient repair of G:U mispairs
was elucidated by studies demonstrating that bacte-
rial MTases such as HhaI and HpaII not only bind
to DNA mismatches more tightly than their normal
target sequences, but are also capable of blocking

w xrepair of these mismatches 35,36 . Both HhaI and
HpaII enzymes also retained methyl transfer ability
upon binding to G:U mismatches which resulted in
methylation of the C-5 position of U creating T,
albeit at low frequencies.

Methyltransferases interact with G:T and G:U
mismatches with higher affinities than for the normal
G:C targets, suggesting that DNA binding of MTases
is inversely correlated with the stabilities of the
target base pairs. Analysis of the enzyme-DNA com-

Ž .plexes revealed that dissociation constants K ford

the binding of M. HhaI to G:T and G:U mismatches
were approximately 5- and 10-fold less than those

w xfor the G:C targets, respectively 36 . The abilities of
the MTases to bind these premutagenic lesions and
to block DNA repair in vitro was determined by
incubating a plasmid containing a G:U mismatch
with increasing concentrations of M. HhaI prior to
incubation with UDG. These studies suggest addi-
tional mechanisms by which a DNA MTase could
contribute to mutagenesis even in the presence of a
highly active UDG repair system. However, the ac-
tual contribution of mismatch repair blockage by the
MTase or enzyme-mediated deamination pathways
to the increased mutability of CpG sites in mammals
remains to be demonstrated.

The significance of enzyme-mediated deamination
to mutagenesis in prokaryotic and eukaryotic organ-
isms is not known. Experiments performed by our
laboratory to investigate the possible roles of DNA
methylation in colon carcinogenesis have shown that
although levels of MTase mRNA expression are
slightly elevated in colon tumors compared to adja-
cent normal colonic mucosa, these differences repre-
sent on average only a 4-fold increase in MTase

w xexpression 37 . Similar levels of increased MTase
enzyme activity on the order of 3.4-fold in colon
tumors compared to surrounding normal epithelium

w xhave also been observed 38 . One study, however,
has reported levels of MTase expression to be in-
creased as high as 200-fold in colon tumors com-
pared to tissue from patients with benign lesions
w x39 . The observation of increased MTase expression
must be interpreted with caution, since MTase ex-

w xpression is cell-cycle dependent 40 and any in-
crease in expression of this gene observed in tumors
may simply reflect a higher proportion of dividing
cells or increased nuclear to cytoplasmic ratio com-
pared to the normal cell population.

In addition to differences in MTase expression
between normal and tumor colonic mucosa, differ-
ences in AdoMet levels and sequence analysis of
conserved domains of the human MTase cDNA have
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also been studied as possible factors which may
contribute to enzyme-facilitated deamination of cyto-

w xsine in tumor cells 37 . Ion-pair HPLC analysis of
the concentrations of AdoMet and its breakdown

Ž .product S-adenosylhomocysteine AdoHcy in ex-
tracts of colon carcinoma tissues and adjacent nor-
mal colonic mucosa were measured. No significant
differences between the AdoMetrAdoHcy ratio in
tumors versus normal colonic mucosa were ob-
served, suggesting that AdoMet is not limiting for
the normal methylation of DNA by MTase in the
later stages of human colon tumor development.
Furthermore, no mutations in the MTase cDNA cod-
ing for the AdoMet binding pocket have been found
w x37 , thus downplaying the possible contribution of
enzymatic deamination of C ™ U in colon carcino-
genesis. The most likely mechanism for the high
preponderance of mutations at CpGs is probably the
result of spontaneous deamination of 5-mCyt com-
bined with inefficient repair of the resulting premuta-

w xgenic DNA mismatches 25 . However, the involve-
ment of the MTase enzyme-mediated pathway for
C ™ U ™ T mutations in colon cancer cannot be
completely ruled out.

5. DNA methylation and mutational patterns in
tumor suppressor genes

Mutations in the p53 tumor suppressor gene are
believed to occur in more than half of all solid

w xhuman tumors 41 . The types of mutations which
are present in the p53 gene and other growth regula-
tory genes may lead to an understanding of factors
which contribute to mutagenesis. Approximately 24%
of point mutations in p53 which have been observed
in human cancers are C ™ T transitions at CpG

w xdinucleotides 41 . Interestingly, five of six muta-
tional hotspots found in the most evolutionarily con-
served regions of the p53 gene are located at CpGs,
and transitions occurring at these sites are consistent
with 5-mCyt deamination. We and others have previ-
ously demonstrated that all of the mutational hotspots
in the p53 gene occurring at CpGs are methylated
w x19,42,43 , thus suggesting an involvement of 5-mCyt
as an endogenous mutagen.

The high frequency of mutations at CpG sites
within p53 appears to play a significant role in

Žsome, but not all types of human cancers see Fig.
.2 . Approximately 37% of the mutations in various

internal cancers are consistent with deamination-
driven events at CpG dinucleotides, however, only
11% of mutations found in lung cancer can be

w xattributed to 5-mCyt deamination at CpGs 44 . Dif-
ferences in the mutational spectra of p53 in these
types of cancers suggest that endogenous 5-mCyt
deamination may play a larger role in the genesis of
mutations found in cancers such as bladder, breast
and colon, while oxygen radicals and exogenous

w xsubstances such as benzo a pyrene found in tobacco
smoke may be responsible for the high number of

w xtransversions observed in lung cancer 41 .
Analysis of the mutational spectra of the

p16rCDKN2rMTS1 tumor suppressor gene in a
variety of tumors also suggests that the relative
involvement of endogenous or exogenous factors
may lead to specific patterns of mutation associated
with particular cancer types. Both intragenic dele-
tions and point mutations have been observed in
melanoma cell lines not containing homozygous

w xdeletions of p16 45,46 . Mutational screening of
several melanoma cancer cell lines revealed a high
number of CC ™ TT tandem mutations and C ™ T

w xtransitions at dipyrimidine sites 47 . These types of
alterations are characteristic of UV-induced muta-
tions which promote covalent linkages between two
adjacent pyrimidine bases. Characterization of the
alterations in the p16 gene in patients with familial
melanoma revealed very few C ™ T transitions at
CpGs, suggesting that at least for melanoma, exoge-
nous factors such as UV radiation rather than en-
dogenous methylation-induced mutations play a more
predominant role in altering gene function. Compari-
son of the genetic alterations in p16 found in
melanoma cell lines and tumors with internal cancers
reveals differences in the types and patterns of muta-
tions, suggesting that endogenous factors such as
5-mCyt deamination at CpGs may be more relevant

w xto the genesis of internal cancers 48 .
The spectrum of mutations in the p53 gene in the

germline contrasts significantly with that of the p16
Ž .gene see Fig. 2 . While 5-mCyt deamination at

CpGs appears to play a major role in generating
C ™ T germline mutations in p53, this is not the
case for p16 germline mutations. The mutational
pattern of p16 in the germline indicates a relatively
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Fig. 2. Comparison of mutations between the p53 and p16 tumor suppressor genes in the germline and primary tumors. Transitions at CpGs
presumably resulting from 5-mCyt deamination account for the majority of germline p53 mutations while transversions account for the
majority of p16 germline mutations. The mutational patterns of both genes in lung cancer are believed to be caused by exposure to
exogenous compounds. Transitions at CpGs are observed in approximately one-third of internal cancers for both p53 and p16. The percent
frequency of CpG dinucleotides within the sequence for reported mutations is: 4% for p53 and 12% for p16. Internal cancers for p53 are:
bladder, breast, and colon. Internal cancers for p16 are: bile duct, bladder, breast, esophagus, headrneck, gall bladder, and pancreas.

w x w xPercentages were calculated from reported mutations for p53 44 and p16 48 . Percentages of p16 germline mutations are as follows if
Ž .possible founder-effects are considered and multiple mutations at individual sites are excluded ns12 : 17%, transitions at CpG; 25%,

transitions at non-CpG; 58%, transversions.

low contribution of 5-mCyt deamination-induced
transitions compared to p53 germline mutations. The
presence of CpG islands within the coding regions of
p16 may actually protect these sequences from
deamination-induced mutational events since CpG
islands are normally unmethylated. Interestingly, a
higher frequency of C ™ T transitions at CpGs in
the p16 gene is observed in various somatic internal
cancers. This finding suggests that CpGs within p16
may have undergone de novo methylation in somatic
cells and that at least for some cancers, 5-mCyt

deamination may play an increased role in mutagen-
esis.

Although these data must be interpreted with
caution due to the small sample size of internal
tumors harboring intragenic p16 mutations, it is
interesting to propose alternative models for the in-
volvement of DNA methylation and its effects on
growth regulatory genes during tumor development.
In the case of p53, methylation of CpGs is present in

w xsperm 19 , thus predisposing this gene to deamina-
tion-driven mutations from early in development.
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The p16 gene, however, appears to be unmethylated
in the germline and only in certain types of cancers
does it become abnormally methylated resulting in
an increased frequency of C ™ T transitions at CpG

w xdinucleotides 49 .
While analysis of the mutational spectra of genes

provides insight into the contribution of 5-mCyt
deamination to mutagenesis, recent experiments us-
ing knockout mice heterozygous for the DNA MTase
gene combined with administration of 5-aza-2X-de-

Ž .oxycytidine 5-aza-CdR have led to an increased
recognition of the possible roles for DNA methyla-

w xtion in the early stages of tumor development 50 .
Apc M in mice have a germline point mutation in the
Apc tumor suppressor gene which causes the forma-
tion of hundreds of intestinal polyps during the first
6 months of life. Treatment of Apc M in mice het-
erozygous for the DNA MTase gene with 5-aza-CdR
resulted in substantially decreased polyp formation
compared to control Apc M in mice receiving no drug.
While the exact mechanisms underlying decreased
polyp formation in the presence of DNA hypometh-

w xylation are unclear, Laird et al. 50 suggest that the
mutagenic effects of the MTase rather than increased
proto-oncogene expression via an epigenetic path-
way may be responsible for the development of
colonic neoplasia.

6. Epigenetic effects of DNA methylation

The epigenetic properties of DNA methylation are
heritable and unlike the mutagenic effects of 5-mCyt
do not involve alterations of the primary DNA se-
quence. Methylation of cytosine residues contained
within CpG islands of certain genes has been in-
versely correlated with gene activity, but it is still
unclear whether this methylation is actually responsi-
ble for causing different activity states of a gene or is
merely the result of such changes. Recent experi-
ments, however, provide much evidence to support a
causal relationship between DNA methylation and
effects on transcriptional activity. Methylation at CpG
islands may lead to decreased gene expression by a
variety of mechanisms including: disruption of local
chromatin structure, inhibition of transcription fac-
tor-DNA binding, or by recruitment of proteins which
interact specifically with methylated sequences indi-

rectly preventing transcription factor binding
w x5,14,51 .

Many studies have demonstrated an inverse corre-
lation between methylation of CpG islands and gene
expression, but most CpG islands on autosomal genes
remain unmethylated in the germline and methyla-
tion of these islands is usually independent of gene
expression. Tissue-specific genes are typically un-
methylated in the respective target organs but are
methylated in the germline and in non-expressing
adult tissues, while CpG islands of constitutively
expressed housekeeping genes are normally unmeth-
ylated in the germline and in somatic tissues. De-
creased levels of global hypomethylation are com-

w xmon findings in tumorigenesis 2,3,52 . Experimental
manipulation of the methylation status of CpG is-
lands has primarily been studied using demethylating
agents to determine the epigenetic relationship be-
tween DNA hypomethylation and gene expression.

In contrast to CpG islands on autosomal genes,
methylation of CpG islands has been demonstrated
for several genes on the inactive X-chromosome and

w xis associated with transcriptional silencing 53,54 .
Analysis of the promoter of the human phosphoglyc-

Ž .erate kinase-1 PGK-1 gene, which is located in the
middle of a CpG island revealed no methylation on
the active X chromosome and extensive methylation
of the CpG island on the inactive X chromosome
w x55 . Several transcription factors were also observed
to bind only those DNA sequences which were
unmethylated in the PGK-1 promoter, indicating that
methylation at CpGs is capable of inhibiting protein-
DNA binding. Interestingly, treatment of hamster-
human cell hybrids containing an inactive human

Ž .X-chromosome with 5-azacytidine 5-aza-CR caused
w xreactivation of the PGK-1 gene 56 . Expression of

PGK-1 was associated with demethylation of a large
region within the CpG island, suggesting that a
specific zone of unmethylated DNA in the promoter
was necessary for transcription.

Increased methylation and heterochromatinization
of CpG islands has been proposed as a mechanism
for silencing the expression of non-essential genes
during the establishment of immortal cell lines
w x57,58 . Experiments in our laboratory have shown
that the CpG island of the MyoD1 gene becomes
increasingly methylated and heterochromatinized

w xduring immortalization of 10T1r2 cells 59 . Further
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analysis of the MyoD1 CpG island in primary blad-
der and rhabdomyosarcoma tumors demonstrated that
several sites were hypermethylated, thus supporting a
possible in vivo function for methylation of this
gene. Our laboratory has also investigated the meth-
ylation status of various genes following treatment of
10T1r2 cell lines with 5-aza-CdR. Several CpG
sites within four genes: a -globin, DHFR, GFAP,1

and MyoD1 were extensively demethylated after
w xdrug treatment 60 . Although extensive demethyl-

ation was not always associated with differences in
levels of gene expression, altered chromatin structure
was observed in a -globin and MyoD1 following1

5-aza-CdR treatment. Increased nuclease sensitivity
of these regions demonstrated that induction of tran-
scriptionally competent chromatin structures was as-
sociated with DNA hypomethylation.

Ž .A Chinese hamster cell line G12 system has
recently been used to study the expression and chro-
matin changes of a bacterial xanthine guanine phos-

Ž .phoribosyl transferase gpt transgene and the role
of DNA hypermethylation and compaction of chro-
matin structure as a mechanism for decreasing gene

w xexpression 61 . Treatment of the G12 cell line with
various carcinogenic nickel compounds resulted in

Ž .high levels of 6-thioguanine 6TG resistant colonies
indicative of gpt inactivation. Interestingly, silenc-
ing of gpt expression was associated with hyperme-
thylation and increased heterochromatinization of the
gpt locus. Reactivation of gpt expression was in-
duced following treatment of 6TG-resistant clones
with 5-aza-CR and was associated with both hy-
pomethylation and chromatin decondensation. These
studies provide further insight into the mechanisms
by which DNA methylation may alter gene expres-
sion and also demonstrate a new model for gene
silencing by carcinogens.

7. Sites within CpG islands may regulate gene
expression

Certain CpG sites within the promoter region of
genes may function as transcriptional control centers
which are affected by DNA methylation. The mouse

Ž .metallothionein I mMTI promoter has been meth-
ylated at various CpG dinucleotides in vitro, result-
ing in decreased activity in transient transfection

w xexperiments 62 . Inhibition of promoter activity,
however, correlated specifically with methylation of
CpGs located at the preinitiation domain and not at
other sites within the mMTI promoter. Further exper-
iments support an indirect model for suppression of
promoter activity by methyl-binding proteins. Meth-
ylation of all CpG sites within the mMTI promoter
using an in vitro assay system had no effect on the
binding of transcription factors TFIIA and TFIID to
the TATA box region, but transcription of the meth-
ylated promoter was significantly reduced in vivo
w x62 . These studies suggest that the density of meth-
ylated CpG sites in certain areas of the promoter
such as the preinitiation domain are more important
for transcriptional control than flanking sequences,
and that certain proteins such as MeCP1 and MeCP2
w x5,63,64 may bind to these methylated sequences
thus inhibiting formation of the preinitiation com-
plex. Additionally, levels of CpG methylation as low
as 7% have been shown to inhibit gene expression
by as much as 67–90% in an episomal system based

Ž .on the Epstein-Barr virus EBV in a human embry-
w xonic kidney cell line 65 . Methylation of all CpG

sites within the EBV-based plasmid resulted in no
detectable levels of gene expression.

An alternative model for methylation-induced
gene silencing is based upon the importance of indi-
vidually methylated CpGs within the promoter rather

w xthan CpG density 66 . Differential methylation at a
Ž .single CpG site within the Epstein-Barr Virus EBV

latency C promoter may be critical for transcriptional
activation. Interaction of a protein with cellular bind-

Ž .ing activity CBF2 with the EBNA-2 response re-
gion was inhibited by methylation at a single CpG
dinucleotide. Treatment of cell lines with 5-aza-CR
caused demethylation of several sites within the EBV
genome and also induced CAT reporter gene expres-
sion. Thus, methylation at a single CpG site in the
EBNA-2 response region of the EBC latency C
promoter was shown to affect binding of a protein
necessary for transcriptional activation.

8. Transcriptional silencing of tumor suppressor
genes

Abnormal methylation of the CpG islands associ-
ated with tumor suppressor genes may also cause
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Table 1
Methylation of CpG islands in putative tumor suppressor genes

Ž .Cancer type gene % Tumors methylated Ref.

Ž . w xRetinoblastoma Rb 8 Greger et al. 67
w xSakai et al. 68

Ž . w xRenal cell carcinoma VHL 19 Herman et al. 71
Ž . w xWilms’ tumor H19 67 Steenman et al. 78

a Ž . w xInternal cancers p16 33 Gonzalez-Zulueta et al. 49
w xHerman et al. 71

w xMerlo et al. 75

a Internal cancers include: bladder, breast, colon, lung, head and neck.

Ž .decreased gene expression see Table 1 . Increased
methylation of such regions may lead to progressive
reduction of normal gene expression resulting in the
selection of a population of cells with a selective
growth advantage. The first report of an epigenetic
change involving hypermethylation of a CpG island
in somatic cells was described for the retinoblastoma
Ž . w xRb gene 67 . This gene was found to be hyperme-
thylated in a sporadic unilateral retinoblastoma tu-
mor among 21 tumors examined. Additional studies
have also reported hypermethylation of Rb in 5 out

w xof 56 retinoblastoma cases 68 . Although the patient
sample sizes for these studies were small and Rb
expression in tumors was not reported, in vitro meth-
ylation of additional sites within the Rb CpG island

w xhas been shown to inactivate the Rb promoter 69 .
Ž .Inactivation of the von Hippel-Lindau VHL gene

by mutation or allelic loss has been implicated to be
the initiating event in spontaneous cases of clear-cell

w xrenal carcinoma 70,71 . Abnormal methylation of
the CpG island in the 5X region of VHL may provide
yet another mechanism for loss of normal gene

w xfunction. Herman et al. 71 found hypermethylation
of the VHL CpG island and lack of expression in
19% of clear-cell renal carcinomas containing no
intragenic mutations. Interestingly, treatment of a
renal cell culture line with 5-aza-CdR caused
demethylation and expression of a previously silent
VHL gene. These experiments provide further evi-
dence for a causal relationship between these pro-
cesses.

A higher rate of mutations and homozygous dele-
tions of p16 has been reported in a variety of
cultured tumor cells compared to primary tumors
w x X72,73 . De novo methylation of the 5 CpG island of
p16 has also been shown to occur in many different

w xcancer types 49,74 , and associated transcriptional
gene silencing may account for the decreased fre-
quency of p16 mutations previously reported for
primary tumors. 5-aza-CdR treatment of lung cancer
cell lines demonstrating p16 5X CpG island methyla-
tion without gene expression resulted in partial
demethylation of the 5X CpG island and transcrip-

w xtional activation of the gene 75 . Preliminary experi-
ments in our laboratory suggest that treatment of
bladder cancer cell lines with 5-aza-CdR results not
only in demethylation and subsequent expression of
p16, but is also accompanied by restoration of growth

w xcontrol 76 .
Methylation of CpG islands as a plausible mecha-

nism for gene silencing has also been observed in
w xparentally imprinted genes 16,17 . The human in-

Ž .sulin-like growth factor II Igf-2 and H19 genes are
imprinted in the human and demonstrate expression
of the paternal Igf-2 and maternal H19 alleles.
Expression of H19 in Wilms’ tumor and rhab-
domyosarcoma cell lines resulted in reduced growth,
indicating possible tumor suppressor function for this

w xgene 77 . It has been recently shown that the pro-
moter of the H19 gene becomes abnormally meth-
ylated and is associated with decreased expression in

w xsome cases of Wilms’ tumor 78 . The maternal
chromosome reverted to a paternal pattern of expres-
sion which included expression of Igf-2, methylation
of the H19 promoter, and lack of H19 expression.

9. Conclusions

Methylation of cytosines at CpG dinucleotides has
both mutational and epigenetic consequences on
mammalian genomes. Spontaneous deamination of
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5-mCyt ™ T or enzymatic deamination of C ™ U
are two major pathways by which DNA methylation
may contribute to mutagenesis. Comparison of the
mutational spectra between different genes and tu-
mors will help in understanding the mutagenic ef-
fects of DNA methylation in various types of can-
cers. The presence of methylated cytosines in the
germline may predispose some genes to a higher
frequency of deamination-induced transitions. Other
genes, however, may be protected from these types
of mutations because of the existence of CpG islands
within their coding regions. CpG islands associated
with such genes may subsequently undergo abnormal
de novo methylation in somatic tissues resulting in
an increased frequency of 5-mCyt ™ T mutations.
The epigenetic effects of DNA methylation and their
relationship to the transcriptional silencing of growth
regulatory genes are other important considerations
in defining key processes involved in tumorigenesis.
The application of drugs known to alter methylation
patterns in order to reactivate tumor suppressor genes
silenced by CpG island methylation may also be an
avenue for future therapeutic options.
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